We purified Arabidopsis thaliana OSCA1.2 expressed in HEK293F cells and determined 42 cryo-EM reconstructions in lipidic nanodiscs and LMNG detergent micelle with cholesteryl 43 hemisuccinate (CHS) ( Fig. 1a-d, Extended Data Figs. 1,2) . The resulting density maps 44 allowed building of 82% of the full-length OSCA1.2 sequence (Extended Data Fig. 3,  45 Extended Data Table 1 ). Structures of OSCA1.2 in nanodisc and LMNG were nearly 46 identical (RMSD=0.81 Å, Extended Data Fig. 4a-c) . We refer to the nanodisc structure 47
Introduction 18
Mechanically activated (MA) ion channels underlie touch, hearing, shear-stress sensing, 19 and response to turgor pressure 1,2 . Previously reported as putative ion channels sensitive 20 to osmolality 3-5 , members of the OSCA/TMEM63 family have been identified as a 21 conserved class of eukaryotic MA ion channels that can be opened directly by membrane 22 tension 6 . The OSCA/TMEM63 family are not homologous to other known MA ion 23 channels, and the structural underpinnings of their function remain unexplored. Here, we 24 report cryo-electron microscopy (cryo-EM) structures of OSCA1.2 from Arabidopsis 25 thaliana in lipidic nanodiscs and lauryl maltose neopentyl glycol (LMNG) detergent at 26 overall resolutions of 3.1 and 3.5 Å, respectively. The structures reveal that OSCA1.2 is 27 a trapezoid-shaped homodimer with each subunit containing 11 transmembrane (TM) 28 helices and a folded intracellular domain (ICD) that mediates dimerization. The TM 29 organization of OSCA1.2 has unexpectedly close resemblance to the TMEM16 family of 30 10 TM helix-containing calcium-dependent ion channels and scramblases 7-9 . We locate 31 the ion permeation pathway within each subunit by demonstrating that a conserved acidic 32 residue is a determinant of channel conductance. Molecular dynamics (MD) simulations 33 provide insights regarding the local membrane environment and lipid interactions, 34 suggesting how OSCA1.2 may be gated by membrane tension. Our work lays the 35 foundation for physiological and biophysical studies on a conserved family of proteins 36 with a newly assigned function as MA ion channels. Moreover, given the role of OSCA 37 proteins as mechanosensors regulating the osmotic stress response in plants 3,6 , our 38 structure could inform strategies to improve plant drought and salt tolerance. 39 throughout unless otherwise noted because of superior resolution and map quality. 48 Importantly, the purified channel reconstituted in liposomes retains MA ion channel 49 activity 6 . Thus, our structures and interpretations correspond to that of a functional 50 OSCA1.2 protein. Additionally, we performed MD simulations at both coarse-grained 51 (CG) and atomistic (AT) levels to model the local membrane interactions of OSCA1.2 52 (Extended Data Fig. 5 ). 53
The structure of OSCA1.2 reveals a homodimer with a two-fold symmetry axis 54 perpendicular to the membrane ( Fig. 1a-h) . The dimer is 139 Å across at its widest 55 dimension. The bulk of the protein lies within the membrane; the transmembrane domain 56 (TMD) of each monomer contains eleven TM helices. Linkers between TM helices and a 57 C-terminal region come together to form an ICD that extends ~31 Å below the membrane 58 ( Fig. 1a-h) . ICD contributes the sole dimeric interface in OSCA1.2, with a buried surface 59 area of 1,331 Å 2 (Extended Data Fig. 4d ) 10 , only 4% of the total surface area of the dimer. 60
Within the membrane, inter-subunit contacts are nonexistent. Instead, a cleft with 61 minimum width of approximately 8 Å separates one subunit's TMD from the other (Fig.  62 1i). Interestingly, AT-MD simulations of OSCA1.2 in a phospholipid (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC) bilayer, consistently place lipid molecules inside 64 the cleft (Fig. 1i , Extended Data Fig. 5a ), indicating a role for lipids in stabilizing the 65 dimeric assembly. 66 The N-terminus of OSCA1.2 faces the extracellular environment while the C-terminus is 68 intracellular. The majority of the ICD is comprised of the second intracellular linker (IL2), 69 which is over 150 residues and contains a 4-stranded antiparallel ß-sheet (IL2ß1-IL2ß4) 70 with well-conserved sequences across the OSCA family (Supplementary Information), 71
and four helices (IL2H1-IL2H4). Three additional helices, contributed by intracellular 72 linkers 1 (IL1H2) and 4 (IL4H) and the C-terminus (CTH), constitute the rest of the 73 intracellular domain. Other than short linkers, we did not observe structured extracellular 74 domains, presumably due to flexibility. 75
As noted previously 4 , a C-terminal region of OSCA1.2 (corresponding to TM4-TM9 76 in our structure) has loose homology to TMEM16 proteins, which are a family of Ca 2+ -77 activated ion channels 11-13 and lipid scramblases [14] [15] [16] . Strikingly, our structure reveals that 78 the structural homology extends beyond the C-terminal region; ten of the eleven TM 79 helices of OSCA1.2 closely follow the topology and organization of mouse TMEM16A 80 (mTMEM16A) Ca 2+ -activated chloride channel 8, 9, 17 and Nectria haematococca TMEM16 81 (nhTMEM16), which is a Ca 2+ -dependent lipid scramblase 7 and nonselective ion 82 channel 18 ( Fig. 2c,d , Extended Data Fig. 6a,b ). Relative to these TMEM16 structures, 83
OSCA1.2 has an additional N-terminal TM helix positioned at the periphery of the TMD 84 (Fig 2a) . To facilitate structural comparison between OSCA and TMEM16 proteins, we 85 refer to this N-terminal TM helix as 'TM0', and the remaining TM helices 'TM1-TM10'.
Though TM1-TM10 of OSCA1.2 and TMEM16A align well at the level of a single subunit, 87
the relative orientation of one subunit to the other is different ( Fig. 2e ). As a result of this 88 distinct dimeric packing, the TMD of the OSCA1.2 dimer is more than 20 Å wider than 89 mTMEM16A or nhTMEM16. Additional features distinguish the overall structure of 90 OSCA1.2 from TMEM16 proteins. First, the intracellular domain of OSCA1.2 is mostly 91 comprised of IL2, which connects TM2 and TM3, while the intracellular domains of 92 mTMEM16a and nhTMEM16 are formed primarily by the N-and C-termini. Second, the 93 regulatory Ca 2+ binding site composed of acidic and polar residues conserved across the 94 TMEM16 family 7 does not have a chemical environment conducive for Ca 2+ binding in 95 OSCA1.2 (Extended Data Fig 6c) , consistent with distinct modes of regulation 96 (mechanical activation vs. Ca 2+ dependence). 97
In the mTMEM16A dimer, there are two pores; one within each subunit 8, 9 . 98
Topological similarities with mTMEM16A ( Fig. 2 ) suggest that OSCA1.2 also has two 99 pores and could conduct ions through a structurally analogous pathway lined by TM3-100 TM7. The existence of two pores per OSCA1.2 dimer is consistent with the presence of 101 a single subconductance state in stretch-activated single channel currents 6 . To visualize 102 the dimensions of the putative ion permeation pathway, we used the HOLE program 19 103 Fig. 7 ). Towards the extracellular side, this putative pore has 104 an opening greater than 12 Å wide, which narrows into a 'neck' approximately 15 Å down 105 the conduction pathway ( Fig. 3a-c) . The neck extends for over 10 Å and reaches a 106 minimum van der Waals radius of 0.5 Å, closing the channel. Mostly hydrophobic residues 107 (I393, V396, A400, L434, L438, F471, V476, and F515) line the pore's constriction, as 108 well as several charged and polar residues (Q397, S480, Y468, K512, D523).
Interestingly, a pair of π-helical turns (in TM5 and TM6a) are nearby the pore's neck 110 region ( Fig. 3c ). Because π-helices are energetically unstable, we speculate that π-to-α 111 transitions at these positions could be associated with gating and, potentially, channel 112 opening. In support of this idea, there are π-helical turns at highly similar locations of TM6 113 in mTMEM16A 9 and nhTMEM16 7 , and a π-to-α transition in TM6 underlies Ca 2+ -114 dependent activation in mTMEM16A 9 (Extended Data Fig. 6d ). Similarly, the pore-lining 115 helices of the epithelial calcium channel TRPV6 20 undergo π-to-α helix transitions during 116 gating. Directly below the neck, the pore widens, and the side chains of E531, R572, and 117 T568 create a hydrophilic environment that could stabilize hydrated ions (Fig 3c) . Further 118 below, the pore widens into membrane-exposed vestibule and is surrounded by IL2 and 119 IL4 before exiting into the cytosol. 120
If TM3-TM7 indeed form the permeation pathway of OSCA1.2, mutation of 121 residues that line the pathway should alter the channel's permeation or conductance 122
properties. We chose to examine E531, which is the only pore-facing acidic residue 123 conserved in this region across the OSCA/TMEM63 families and thus could contribute to 124 conductance (Fig 3c, Extended data Fig. 6c , Supplementary Information). We recorded 125 and characterized stretch-activated currents in the cell-attached patch clamp mode from 126 cells expressing wildtype or mutant (E531A) channels ( Fig. 3d ). E531A had maximal 127 current responses comparable to wildtype channels ( Fig. 3d,e ), and modestly faster 128 inactivation kinetics ( Fig. 3e ). Strikingly, the mutation decreased the stretch-activated 129 single-channel conductance by 1.6-fold, demonstrating that E531 contributes to the 130 channel's ion permeation pathway ( Fig. 3f,g) , and could play a role in binding or 131 sequestering cations. Alternatively, the mutation could alter pore structure and dynamics 132 owing to the interactions of the E531 side chain with R572 and Y605 (Extended Data Fig.  133 7b). Nonetheless, combining these mutagenesis data with structural homology to 134 mTMEM16A 9,17 , we conclude that TM3-TM7 most likely form the pore. This conclusion is 135 further supported by MD simulations showing hydration of the pore pathway being 136 consistent with the pore radius profile from HOLE (Extended Data Fig. 5b, 7c) . 137
Which structural elements in OSCA1.2 could be involved in membrane tension-138 sensing and gating? Two notable features present in OSCA1.2, but not TMEM16s, are a 139 hook-shaped loop that enters the membrane that intervenes IL2H2 and IL2H3 ( Fig. 2a,  140 4a), and a horizontal amphipathic helix in IL1 (IL1H1) that slightly deforms the membrane 141 lower leaflet in MD simulations ( Fig. 4b ). Their association with the cytoplasmic bilayer 142 leaflet suggests these two features could be sensitive to membrane tension, akin to the 143 N-terminal amphipathic helix in MscL 21 , and their movement could be coupled to channel 144 conformation through their interactions with the TMD (Fig 4a,b ). Another notable aspect 145 of the OSCA1.2 structure is that the lower region of the pore is exposed to the membrane 146 and thus could permit lipid entry ( though we would expect larger movements under membrane tension (Extended Data Fig.  159 4b,c, Supplementary Video 1). The features of OSCA1.2 outlined above might act in 160 concert to modulate channel gating in response to mechanical stimuli ( Fig. 4d ). 161
Our structural study of OSCA1. 
Expression constructs 348
For structural studies, codon optimized OSCA1.2 gene (UniProt ID: Q5XEZ5) for 349 expression in human cell lines was cloned into vector pcDNA3.1. An EGFP tag was 350 placed at the C terminus and connected to the gene via a PreScission Protease cleavable 351 linker (LEVLFQGP). A FLAG tag (DYKDDDDK) was added to the C terminus of EGFP 352 with two intervening alanines as a linker. We refer to this construct as OSCA1. network 52 with a force constant 1000 kJ mol -1 nm -2 was applied to the protein (lower and 485 upper cut-off were 5 and 9 Å). Protein-lipid contact analysis was performed with a locally 486 written script that employed a 6 Å cut-off, based on the last 800 ns of the simulation. Final 487 contact values were reported as an average of the two subunits in the five runs. We then 488 converted the final frame of one 1 µs CG simulation to atomistic (AT) detail using a 489 fragment-based protocol CG2AT-Align 53 (force field: OPLS united atom 54 ), solvated again 490 in TIP4P water 55 with 150 mM NaCl. We then performed a 50 ns equilibrium simulation 491 with protein non-hydrogen atoms position restrained (force constant as above). All CG 492 and AT were performed as NPT ensembles held at 310 K (except CG lipid assembly at 493 323 K) and 1 bar. The time-step for CG and AT simulations were 20 and 2 fs respectively. 494 HEK293T cells. HEK293T-P1KO cells were generated using CRISPR-Cas9 nuclease 509 genome editing technique as described previously 60 , and were negative for 510 mycoplasma contamination. Cells were grown in DMEM containing 511 4.5 mg mL −1 glucose, 10% fetal bovine serum, 50 U mL −1 penicillin and 512 50 μg mL −1 streptomycin. Cells were plated onto 12-mm round glass poly-D-lysine 513 coated coverslips placed in 24-well plates and transfected using Lipofectamine 2000 514 (Invitrogen) according to the manufacturer's instruction. All plasmids were transfected 515 at a concentration of 600 ng mL −1 . Cells were recorded from 24 to 48 h after 516 transfection. The PP-EGFP fusion at the C-terminus of the protein did not affect 517 channel expression or MA current properties. 518 519 Electrophysiology 520
Stretch-activated currents were recorded in the cell-attached patch-clamp configuration 521 using Axopatch 200B amplifier (Axon Instruments). Currents were filtered at 2 kHz and 522 sampled at 20 kHz. Leak currents before mechanical stimulations were subtracted off-line 523 from the current traces. Membrane patches were stimulated with a 500 ms negative 524 pressure pulse through the recording pipette using Clampex-controlled pressure clamp 525 HSPC-1 device (ALA scientific). Since the single-channel amplitude is independent of the 526 pressure intensity, the most optimal pressure stimulation was used to elicit responses that 527 allowed single-channel amplitude measurements. These stimulation values were largely 528 dependent on the number of channels in a given patch of the recording cell. Single-529 channel amplitude at a given potential was measured from trace histograms of 5-10 530 repeated recordings. Histograms were fitted with Gaussian equations using Clampfit 10.6 531 software. Single-channel slope conductance for each individual cell was calculated from 532 linear regression curve fit to single-channel I-V plots. 533
534
For cell-attached patch-clamp recordings, external solution used to zero the membrane 535 potential consisted of (in mM) 140 KCl, 1 MgCl2, 10 glucose and 10 HEPES (pH 7.3 536 with KOH). Recording pipettes were of 1-3 MΩ resistance when filled with standard 537 solution composed of (in mM) 130 mM NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 TEA-Cl and 538 10 HEPES (pH 7.3 with NaOH). 
